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ABSTRACT

The impact of climate change around the world leas dovernments, institutions and
industries to increase their efforts to combat yt eeking new and innovative
technologies. Carbon dioxide (@Qs believed to be the primary reason for global
warming. Therefore, the capture and transformatibsome of the billions of tons of
CO, produced annually by burning fossil fuels into fukgroducts such as carbon
nanotubes (CNTs) and carbon nanofibers (CNFs) ésafrthe methods being pursed in
current research activities. The conversion of twajor greenhouse gases, £énd
methane (Ch), into CNTs and synthesis gas, which is a mixtfreearbon monoxide
(CO) and hydrogen (Bl has been studied experimentally by passing g Q) mixture
through a vertically orientated Chemical Vapour 8&pon (CVD) reactor at
temperatures ranging frol850°C to 950°C. Two different catalysts were used, a
lanthanum nickel alloy (LaN) and a mischmetal nickel alloy. Transmission etett
microscopy (low and high magnification), Raman $fsTopy and gas chromatography
were used to analyze the products from the expetinide apparent activation energy
for CH; and CQ consumption, and Hand CO production were estimated to be 41.7,
47.5, 54.5 and 47.5 kJ/ mol, respectively in thegerature range 1023 — 1123K. The
CO,; and CH were decomposed, forming CNFs and CNTs as showhédfransmission
electron microscope images. The findings showetldbahe temperature increased the
CNFs and CNTs became, less defined and fewer irbaurifhe mischmetal nickel alloy
had a smaller amount of amorphous carbon deposipared to the lanthanum nickel

alloy.
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CHAPTER ONE

1.0 Introduction

1.1 Background and Motivation

The world continues to become increasingly indaBsed due to globalization, leading
to humankind consuming fossil-fuel based resour@esan ever-growing rate. This
resulting in the emission of greenhouse gasesd(iticplar carbon dioxide and methane),
playing an increasing role in global warming. Thesaissions have to be mitigated in
order for the effects of global warming to be dirsited and controlled. Ghas an

atmospheric lifetime that could effectively be terighousands of years whilst GHas

an atmospheric lifetime ranging from nine to 15 rgeds discussed by Zwaan and
Gerlagh (2006) the issue of climate uncertaintgrie that calls for society to change its

energy supply from one that is fossil fuel basedrte that is free of carbon emissions.

In order to avert this concern, new and viablerafitves to current methods of €O
capture, use and sequestration need investigatignomising field is converting it (and
CH,) to something else such as carbon nanotubes (CNish are less harmful to the
environment and even economically viable (Xu andaty 2007;Chai et al, 2007).
CNTs have arisen as a dynamic field of researchtaldieeir properties. A high thermal
conductivity (6000 W/mK) in comparison to copper014 W/mK), an electrical

conductivity six times higher than copper (Bethethal, 1993), as well as extraordinary



mechanical properties i.e. a Young’s modulus ovefph and an estimated tensile

strength of 150 GPa (Seepal, 2003; Treacwet al, 1996).

As a result of these unique and useful proper@®$Ts have found potential application
in the fields of hydrogen storage, field emittdtsel cells (Lozoviket al, 2003; Conteau
et al, 2003; Philipet al, 2003), polymer composites (Shofretr al, 2003), catalyst
support (Bezemeet al, 2006) and water purification (Pagt al, 2000). In order to
realize large-scale CNT applications they are togbewn in large quantities. The
Chemical Vapour Deposition (CVD) method has emergsedhe best hope for cost-
effective mass production of CNT$he reforming ofCH,; with CO, process produces
CNTs and valuable synthesis gas (a mixture pahld CO). This method of production
may well prove to be economically viable as thetlsgsis gas produced is with a low
H,/CO ratio, and sold to energy companies for Fisdmepsch synthesis to liquid

hydrocarbons and oxygenated derivatives

1.2 Aim and Objectives

The main aim of the study is to selectively prod@¢Ts from greenhouse gases in the
reforming of CQ/CH, with synthesis gas as a by product. Thus, thevatig objectives

will be undertaken:

Production of CNTs from COonly, CH, only and reforming of C&CH, by

catalytic chemical vapour deposition method (CCVD).



Characterize the as-synthesised CNTs using Ramagctrepcopy and
Transmission Electron Microscopy.

Determine the best catalyst for carbon nanotubtheygrs.

1.3 Hypothesis

Carbon nanotubes simultaneously produced from gmese gases during reforming of

CO,/CH, to synthesis gases.

1.4 Dissertation Outline

Chapter 1 looks at the background and motivation,aand objectives and the hypothesis
of this study. Chapter 2 is a literature reviewarelgng CNTSs, their types, structure, and
growth mechanism, methods of production, propesgies applications. Also discussed is

CH,4 and CQ decomposition as well as dry reforming of £H

Chapter 3 is the experimental section, consistinGNT growth by Catalytic Chemical
Vapor Deposition (CCVD) method and the charactéomatechniques used for the

analysis of the as-grown CNTs and synthesis gas.

Chapter 4 presents the results and discussion. llysinghe conclusion and

recommendations of this research are in Chapter 5.



CHAPTER TWO

2.0 Literature Review

2.1 Carbon

The most abundant element in the world is carba@hisithe sixth element of the Periodic
Table of Elements with a valency of four. The umiiructure of carbon and its high
valency allow it to exist in many alternative forneferred to as allotropes. Carbon in its
solid ground state, for example diamond, exhibf8 sovalent bonding with carbon
atoms bonded to four other carbon atoms in a tethath 3-D lattice. Figure 2.1 shows

the schematics of different carbon materials (lyakd Mahalik, 2005).

Graphite Carbon Nanotube

Figure 2.1: The structures of carbon (diamondgfelhe, graphite and CNT)



In the condensed phase, carbon has a hexagonahdystate of graphite with $p
hybridization. Another pure crystal form of carbienfullerenes, with the sphericakC
molecule, commonly known as bucky balls observed&alley and his co-workers in

1985 (Krotoet al,, 1985).

2.2 Carbon Nanotubes

Carbon nanotubes (CNTSs), another form of allotrafesarbon were characterized in the
early 1990’s (lijima, 1991; lijima and Ichihashi943; Thesst al, 1996) whereby two
classes of CNTs were observed. A single-wall camrmmotube (SWCNT) is a crystalline
one-atom thick sheet of graphite rolled up intm#dw graphite cylinder with a diameter
varying from 04nm to 2nm and a length in the order of microns (Szleifer and
Yerushalmi-Rozen, 2005). CNTs consisting of a numddeconcentric graphitic layers
with diameters varying fromOnm to 100nm, and a length greater thHdy!m are termed
multi-walled carbon nanotubes (MWCNTSs) (Kanetoal,, 1999). Figure 2.2 illustrates
the different types of CNT structures i.e. SWCNdsuble-wall CNTs (DWCNTS),
MWCNTSs and ‘peapods’. ‘Peapods’ are CNTs that aeked with fullerenes (Smith et

al., 1998).
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2.3 Structure of Carbon Nanotubes

The CNT structure has been characterized usingrirasion electron microscopy (TEM)
and scanning tunneling microscopy (STM), confirmitihgat nanotubes are seamless
cylinders derived from the honeycomb lattice of tiraphene layers of single atomic

crystalline graphite, shown in Figure 2.3.
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Figure 2.3: Two dimensional hexagonal real latbéeggraphene where the chiral vector

OA or Ch is defined by unit vectoral and a2 (Dresselhaust al, 2001)

Specification of the structure of an individual ¢uis in terms of the vectdZh, which is

joining two equivalent points on the original graple lattice as depicted in Figure 2.3.

The cylinder is produced by rolling up the sheeathsthat the two ends of the vector are

superimposed.

Using the notation detailed by Dresselhatsal (2001), each pair of intege|($1,m)

represents a possible tube structure as illustiatEdyure 2.4.



armchair

®: metal & : semiconductor

Figure 2.4: Possible chiral vector specified by gaar of integers(n,m) for general

nanotubes, including zigzag, armchair and chiradohzbes. The encircled dots denote

metallic nanotubes while the small dots are forisenducting nanotubes.

The vectorCh is expressed as shown in equation 2.1.

Ch=n(a1) + m(a2) (2.1)

Where:
al and a2, are the unit cell base vectors of the grapheretsh

OEmEn

There are three main groups of nanotubes, whickrdepn the indiceén,m). Armchair
nanotubes formed when=m thus, the angle between the chiral vectoB)is These

nanotubes display metallic characteristics. Zigaagotubes as discussed by O’Connell



(2006) are classified as such whem=0 and n> Q whereas chiral nanotubes are

created when 0 < |m| < n. Equation 2.2 gives tnetidbe diameter.

d = x/éac_c(nz +nm+ mz)m/p = Ch/p (2.2)

Where:
Ch, is the length of the chiral vector

a. ., Is the carbon atom bond length142nm).

The angle between the zigzag axis and chiral vestdhe chiral angleg given by

equation 2.3.
g=tan* Zﬁmm (2.3)

Classification of the different CNT structures tthger with a schematic model of the

capping of the tubes is, depicted in Figure 2.5.
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Figure 2.5: Three different types of SWCNTs a) ehrair, b) zigzag and c) chiral

(O’Connell, 2006)

2.4 Growth Mechanism for Carbon Nanotubes

The growth mechanism for formation of CNTs is uacleas the growth dynamics of
CNTs are not yet completely understood (Aretoal, 2004; Leeet al, 2001). This
section provides an overview of research conduatethis aspect. As discussed by
Vinciguerraet al (2003), the growth of CNTs happens very rapidihces almost all of
the growth transpires within the first 60 secorftsidies conducted by Kiet al (2002),

have shown that growth rates as high6@sn,m/ min are possible. The diameter of the

CNTs that are grown is temperature dependent (Datat, 2002).
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CNTs grow from catalyst particles, as shown on shbBematics in Figure 2.6. The

strength of the interaction between the catalystigfa and the substrate determines the
type of growth. Where the catalyst maintains itstaot to the substrate it is base-growth,
or it loses contact (tip-growth) (Dresselhaisal., 2001). The growing CNT can have a
catalyst particle on one or on both sides. CNTsi@iogrow on every accessible catalyst
particle surface. It is not well understood as tdol qualities the catalyst surface must
provide to allow the nucleation necessary for thewgh of a CNT (Rotkin and

Subramoney, 2005; Ebbesen, 1997).

Base-grown CNT Tip-grown CNT

H,

~a|_|a"

CH,

Strong substrate-catalyst interaction] | Weak substrate-catalyst interaction

Figure 2.6: Schematic of the two growth modes gaherconsidered for CNTs, base

growth and tip growth (Andet al, 2004)

The size of the catalyst particle also governs héretformation of SWCNTs or

MWCNTSs occurs. A catalyst particle size of a fewnmmeters would form SWCNTS,

11



whereas particles having a size of a few tens ofomeeters would favour MWCNT
formation (Leeet al, 2001; Kukovitskyet al, 2002). A possible mechanism for the
growth of CNTs using a hydrocarbon discussed byyNagl (2007) is shown in Figure

2.7.

Lieyuiel Leyer

Figure 2.7: Schematic view of the mechanism for tbemation of SWCNTs. a)
adsorption and decomposition of the hydrocarbomlifiijsion in the liquid surface layer
of the particle, c) super-saturation of the surfand formation of the cap, d) growth of

the SWCNT

Heating the methane feedstock causes its moletaléseak up at the surface of the
catalyst. The carbon atoms diffuse away (formatibradicals in gas phase) and form the
SWCNT at another location. A possible explanatidnttes diffusion is due to the

dissociation of methane into carbon and hydrogengba highly exothermic reaction

12



resulting in local heating of the catalyst partiffreirer, 2006). The hydrogen reduces the
catalyst locally and slows down a too fast radfoaiation. Consequently, this reduces
the development of amorphous carbon on the surfliee.carbon diffuses to a colder

spot (Klinkeet al, 2005) resulting in a carbon and a temperatuaglignt within the

catalyst particle (Ducaét al, 2004).

2.5 Synthesis Methods for Carbon Nanotubes

Three methods currently used for the synthesisNif<are arc discharge, laser ablation
and catalytic decomposition of hydrocarbons (gdhenzferred to as the chemical

vapour deposition (CVD) method). The carbon preslobtained by these three methods
differ from each other since each has its own gnogynamics and each method has its

own advantages and disadvantages.

2.5.1 Arc Discharge

This method according to Keidar (2007) is the nysictical method for synthesizing
SWCNTs and has become a commonly used techniquwaifibbon nanotube production. It
produces SWCNTs with fewer defects than a methatl dperates at low temperature
such as CVD. However, the tubes tend to be shaht random sizes and directions and
often require a lot of purification. It also hasdeawback, as it is a non-continuous
synthesis process. It needs periodic shutdowndldw &or replacement of the graphite

electrode and product collection (Zesigal, 2006).

13



The arc discharge technique involves the use of hwgh-purity graphite rods as the
cathode (diameter oB- 12nm) and anode (diameter o6- 8nm). A DC electric
discharge is established between the pair undereangas atmosphere (helium or argon)
at a low pressure. A bias of 10-35V is appliedhe ¢lectrodes (which are separated by
1mm) to establish the discharge, producing current80e100A and current densities of
150 Alcnf. The resulting carbon vapour allows for assembB\CNTs, found in the
cathode deposits. The main factor in establishimgatimum environment for carbon
nanotube production is the stability of the disgegplasma (Kingston and Simard, 2003).
SWCNT synthesis requires doping of the anode wsmall amount of metallic catalyst
particles such as Ni, Co, Mo and Fe (Zextcal, 2006). Figure 2.8 shows a simplified

schematic drawing of arc discharge apparatus (komgand Simard, 2003).

Viewing Port

L 1

Gas Inlet To Pump
— Arc Plasma

<>

;l

Graphite Electrodes

Water-cooled chamber

Power Supply

Figure 2.8: Schematic representation of an arddige apparatus
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The synthesis of MWCNTSs were the graphite anod#igped into an open container of
liquid nitrogen containing a short non-consumatdpper or graphite cathode may prove

economically viable as expensive inert gasses@reequired (Zengt al, 2006).

2.5.2 Laser Ablation

In this technique, laser pulses heat a carbon ttacgenmonly graphite. The subsequent
use of the resulting gas is the formation of SWCNKNWsnozet al, 2000). This method
has not achieved wide scale use, as it requiresnsige equipment such as the laser to
set-up, operate and maintain. As described by Maisat (2002), in order to achieve
economically viable production of CNTs the followimspects are desired: continuous
production; cheaper feedstock materials; and a reffig@ent process for the preparation

of the target materials.

This process has a horizontal setup, consistiregsaflid graphite target that is mounted in
a quartz tube placed in a temperature-controlleehofter sealing and evacuating the
tube, a buffer gas (argon or helium) flows throutgffhe vapourisation of the target rod
is performed by a pulsed Nd:YAG laser, producingaebon based soot that is swept out
of the furnace zone by the carrier gas. This sowtfaining well graphitized MWCNTSs
and fullerenes is deposited on the water-cooletkctolr (Maseret al, 2002). Figure 2.9

depicts the apparatus used for laser ablation.
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Figure 2.9: Schematic representation of laser @blepparatus (Kingston and Simard,

2003)

Production of SWCNTs can transpire if the graphité is doped with transition metal
catalysts such as Co, Ni and Fe. The most efficieytfor SWCNT production is the use
of equal parts of 0.5-1.0% each of Co and Ni powderthe graphite target. As a result,
laser vapourisation has come be used almost exelydor the fabrication of SWCNTs
(Kingston and Simard, 2003). Munet al. (2000) observed that the type of ambient gas
(argon, nitrogen or helium) and its pressure thaised influences the formation of the

SWCNTSs.

2.5.3 Chemical Vapour Deposition (CVD)

This process as described by McBride (2001) istbatallows the manufacturer to avoid
the practice of separating nanotubes from the cet®ous particulate that often
accompanies the other two methods of synthesis. bEs&c principle of this method

involves the cracking of gas-phase carbon-rich owés (methane, acetylene or carbon
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monoxide) in the presence of a catalyst at elevegetberatures. These reactive radical

carbon molecules then diffuse and bond on theysitidading to the formation of CNTSs.

CVD synthesis consists of two key categories, ngnselpported catalyst or floating
catalyst growth. The catalysts used are typicaliy ™ or Co. The choice of catalyst
plays a central role in determining the formatidrS8CNTs. The chemical and textual
properties of the catalyst used affect the yield quality of SWCNTSs that are produced.
The choice of carbon source is also a key elentetite growth of SWCNTSs containing

no defects and amorphous carbon over-coating.

In supported growth process, prepared catalystgiggabon a support medium is placed
in a tube at atmospheric pressure. The tube idensitemperature-controlled furnace so
that the carbon-rich gases can flow through thee tab temperatures ranging from
500- 110CC for the requisite time. For floating catalyst gtbwthe basic difference lies
in that the catalyst and gas are injected intosystem concurrently, in the gas phase
(Kingston and Simard, 2003). CVD apparatus aregiesi to be either horizontal or
vertical. A typical catalytic chemical vapour depiomi system equipped with a

horizontal tubular furnace as the reactor is showigure 2.10.
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Figure 2.10: Schematic of catalytic CVD furnaceraped either as floating catalyst or as

substrate catalyst (lyuke and Mahalik, 2005)

Vertically orientated CVD reactors are shown inuUfg 2.11, configured to produce

CNFs and MWCNTSs under fluidized bed conditions (EBD).
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Figure 2.11: a) standard FB-CVD reactor, b) FB-Ch#actor with gas pre-heating, and

c) vibro-fluidized-bed reactor (Philippet al, 2007)
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As discussed by Konet al. (1998) it is critical to gain an understandinglué chemistry

involved in the role of the catalyst and the CN'dwgth process. This will allow for the
successful industrial application by CVD in the gwotion of CNTs. The CVD process
presents the best hope for large-scale producti@Nd's owing to its relatively low cost
and potentially high yield (Set al, 2001; Xianget al, 2007). Success of CNT utilization
in various sectors is strongly dependent on theeldgwent of simple, efficient and

inexpensive technologies for mass production.

2.6 Properties and Applications of Carbon Nanotubes

Many unique and fundamental properties (electrorticermal, mechanical and
adsorption) that CNTs possess make them potentiadple in a broad range of

applications.

2.6.1 Electronic

The key factors in determining whether a SWCNT woelxhibit behaviour of a
conductor or a semi-conductor are the diameter dmihlity of the carbon nanotube
(Szleifer and Yerushalmi-Rozen, 2005; Katgkal, 2006; Kaneteet al, 1999; Odonret
al., 1998). As the electrical properties of SWCNTe dependant on the geometrical
parameters of helicity (armchair, zigzag or chiealy diameter, it has become important

to be able to manipulate these parameters forHigasipplications in the electronic
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industry i.e. superconductors, single moleculandistors or magnetic recording devices

(Lou et al,, 2003).

SWCNTs with armchair structure are metallic whitsbse with the zigzag arrangement
demonstrate semi-conductor behaviour (S#ral, 2003; Bethunet al, 1993). Hamada
et al (1992), describes that the variation of the bamdcture, which accounts for the
differing conducting behaviour is due to the 2-hébatructure of graphite. The unique
properties of CNTs as described by Tetoal (2003), where CNTs act as electrical
conductors with a complete covalent bond allow thmavoid problems of atomic

diffusion or electronic migration.

2.6.2 Thermal

A key feature of CNTs described by Thostensoml (2001), is the thermal stability it
exhibits under reaction conditions @80CC (in a vacuum) whilst also displaying a
thermal conductivity approximately twice as hightlaat of diamond. Thermogravimetic
analysis (TGA) provides an easy method to learruatie resistance of CNTs towards
temperature. It has been shown that activated narbdess stable to oxidation than
CNTs, with the CNTs being more reactive than grigpfberpet al, 2003). Additionally,
determination of thermal conductivity of CNTs is plgonons at all temperatures (Hone,
2004). CNTs present itself as an excellent matdarlfield effect transistors (FETS)
(Baughmanet al, 2002) or as an alternative to the conventionitos-based-

microelectronics for circuits (Hoenleet al, 2004).
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2.6.3 Mechanical

CNTs being solely composed of strong covalentlydashcarbon atoms, allow them to
be one of the hardest wearing and durable substai®eovered in modern times. This is
revealed by the exceptionally high Young modulasinfd to be in the terapascal (Tpa)
range along with a traction resistance of 250 Ggas resistance to traction is one
hundred times higher than displayed by steel, tighCNTs being six times lighter (Serp
et al, 2003; Treacyet al, 1996). Krishnaret al (1998) observed that values for the

Young’s modulus of CNTs are regularly higher in gamson with bulk graphite.

CNTs are highly flexible and are able to withstawikting at right angles a number of
times without any structural changes occurring. Thiimeters-thick large area, self-
standing blocks of CNTs as grown by Mussbal (2007), have properties such as
elasticity, resistance under compression and bkigbgly hydrophobic. Due to CNTs
being inherently stiff, they can be used as prgisefor atomic force microscopy (Hafner

et al, 2001) and scanning tunneling microscopy (Riral, 1997; Hafneet al, 1999).

2.6.4 Adsorption

Studies undertaken by Yarg al (2001) and Inouet al (1998) have shown that due to
the porous nature of MWCNTS, they could prove taubeful for efficient gas storage.

The adsorption of nitrogen on acid treated SWCN3$®laserved by Eswaramoortby

al. (1999), has shown that the micro pores of the £bln also accommodate molecules

such as benzene. There are two different adsorpties for gas in a SWCNT bundle i.e.
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the inside of the SWCNTs and the interstitial clesrof the bundle. Fujiwarat al
(2001) found that the inside of CNTs is more statde nitrogen and oxygen gas

adsorption than the interstitial channels of thedbes.

2.6.5 Catalysis

Carbon materials are recognized as a viable catslygport in heterogeneous catalysis as
the properties that they possess, such as beifde séd high temperatures, showing
resistance to both basic and acidic media and danmertness are highly wanted
properties of catalyst supports (Rodriguez-Rein@988). The work undertaken by Serp
et al (2003) describes that carbon nanotube support® lsme advantages in
comparison to activated carbon, namely, minimizatd self-poisoning due to the high
purity of the material; their porous nature couk \mluable for liquid-phase reactions;
the specific metal-support interactions that exst able to have a direct effect on
catalytic activity and selectivity. As these prdpes expressed by CNTs exceed those of
activated carbon they could prove to be an effecsupport for the Fischer-Tropsch

reaction (Van Steen and Prinsloo, 2002; Bahome7R200

2.7 Methane and Carbon Dioxide

Studies have shown that GHracking produces CNTs, CNFs and hydrogen utijzin
CVD apparatus (Heet al, 2006; Gacet al, 2008). It was found that using @lds a

carbon feedstock, reaction temperatures ranging 850- 1000°C, suitable catalysts
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and flow rates, the growth of high quality SWCN¥$9ssible (Tibbetts, 1985; Ko
al., 1998; Casselet al, 1999). Catalysts for the decomposition of ,Chie Ni/Al,
Ni/Cu/Al,O3; and MgO impregnated with one of the group 8 tarifals of the periodic

table (Heet al, 2006; Weizhongt al, 2004; Ichi-okaet al, 2007).

Investigations on the decomposition of LHllow advancement in achieving a
sustainable production of hydrogen (Dufatral, 2009). This may lead to hydrogen
emerging as an economically viable source of engrdyel cells and other applications.
It would be ideal as a synthetic fuel because iigistweight, highly abundant and its
oxidative product (water) is environmentally benigithough storage remains a problem
(Schlapbach and Zuttel, 2001). CNTs, as singleedatir multi-walled systems would

provide an effective storage means for hydrogerehicles (Winter and Nitsch, 1998).

Many investigations have been conducted to seeiyctieoh of carbon dioxide using
various methods although the €@olecule is chemically quite stable (Tsefjial, 1996;
Ohme and Suzuki, 1996; Solymosi and Kiss, 1985 Ways of handling planet-
warming CQ emissions: capture and storage of,@©Om the flue gas of natural gas/coal
fired power plants (Alieet al, 2005) which may require expensive technologiégrmal
decomposition utilizing high temperatures of apprately 2500°C for substantial
conversion of C@to CO (Khedret al, 2006) or as a raw material in heterogeneous or
homogeneous catalytic and non-catalytic proces¥es e al, 2005). Nevertheless,
studies have shown the decomposition o, @Opractical temperatures using appropriate

catalysts. Lowet al (2003) reported that large amounts of CNTs werehesized by
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reduction of CQ with metallic lithium at550°C and 700atm using an autoclave. An
inventive solution as discussed by Xu and Huan@720as been the use of @ non-
toxic gas as a carbon source in the synthesis ofOWWs at 790°C and 81C°C by a
horizontal CVD method over Fe/CaO catalyst. Thettea mechanism followed is that
CO; reacts to CO and O, followed by CO disproportimratvhere two CO molecules
react with each other to form carbon and,Ci@otiei et al. (2001) report another method
of CQO, utilization for graphite production was @Q0n a supercritical state used at

conditions ofL00CC and 10 kbar according to the following chemicalateons:

Mg (9) + CQ(g) MgO (g) + CO (gas)
Mg () + CO(g) MgO (g) + C (graphite)

Global Reaction: Mg (g) + Mg (I) + Cdg) 2 MgO (g) + C (graphite)

The dissociation of COwas also found to be possible on rare earth metala
temperature range of 603 — 823K at atmosphericspres(Arakaweet al, 1988). The
increasing resistivity of the various metals isdusas a measure of the g@issociation.
Zhanget al (1999) showed that Wustite {=gO) can be used to reduce £8& reaction
conditions of 573K and atmospheric pressure toaar proposed mechanism for the
reduction is the conversion of G@ CO and from CO to C. The CO is considered an

intermediate as the CO conversion is faster tharctmversion of C®
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2.8 Reforming

Carbon dioxide reforming (commonly known as dryorefing) of methane to produce
synthesis gas (a mixture of CO ang) it a process that has been researched for many
years. These greenhouse gases,(@ CH) are the cheapest carbon-containing
materials. Converting them into a valuable feedstoot only reduces their emissions
into the atmosphere but can also prove to be ecmatiyjnbeneficial. In comparison to
steam reforming of methane (@H.0) to synthesis gas, dry reforming has the follavin
advantages. Production of synthesis gas with &iddw. CO ratio, which is suitable for
use in the Fischer-Tropsch process to produce hilgy@rocarbons; utilization of GO
rather then sequestration and storage; bettemusieeimical energy transmission systems

(CETS) i.e. solar, nuclear or renewable energiésuiget al, 1996).

Chemical Energy Transmission Systemn

(CETS)
' |
Ka
Ky
o}

T - T -
Endothermic Aty 1 }— = Erothermic
Reaction A+ B Reoction

+
A+B s Xy [T LR T MY —p 4B
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L]
Fossil Fuals Process Heat
Muclear Reactor
Solar Tower

Figure 2.12: Chemical Energy Transmission Systeiwh@dson and Paripatyadar, 1990)
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According to the CETS design (Figure 2.12), abuhdhermal energy from solar,
nuclear, or fossil fuel sources is used to drivewersible endothermic reforming reaction
to equilibrium. The gaseous products can then beedtor transported to other process
sites. When energy is needed, the reverse exotheraaction can be driven to
equilibrium, generating process heat. Productshefeéxothermic reaction can then be
recycled back to the original reactor for reformiogce again through the aid of the
abundant thermal energy source (Richardson ang&wgaidar, 1990). Dry reforming has
a further advantage to steam reforming in terma GETS because all species are in gas

phase at atmospheric conditions, making transpattrecycling of the species easier.

Edwards and Maitra (1995) discuss that suitablyerted Group VIII elements in their
reduced forms, especially Ni, Ru, Rh, Pd, Ir andcafet effective catalysts for the dry
reforming of methane. Some of the catalysts usedisnreaction are NiO/AD; (Chenet
al., 2005), supported Ni-Ce and Ni-Co (Yaetgal, 2002), Ni-MgO (Shamsi, 2004), Ni-
SiO, (Effendiet al, 2003) and supported CoOx with MgO, Z2r@ CeQ (Mondalet al,

2007).

A long-standing problem with this process is thebon deposits deactivate the catalysts
(particularly the nickel-based catalysts) during thaction (Cheapt al, 2001). Research
has been conducted to reduce the coke formatiothercatalyst by making it more
carbon resistant (Hoet al, 2005, Takanabet al, 2005). The conversion of GQo

carbon has been found to be efficient, even morthao converting it to synthesis gas
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(Ross, 2005). Carbon nanofibres (CNFs), includingT€ were discovered on the

catalysts used for dry reforming by Gallego anddaisvorkers (Galleget al., 2008).

2.8.1 Network of Reactions

In addition to the main reaction (equation 2.4gréhare possible side reactions that are
thermodynamically favourable at50°C (Bradford and Vannice, 1999). These are
Reverse Water-Gas Shift Reaction (RWGS), steam rmefig of CH, CH,
decomposition, carbon removal reactions and retctass products (Sorg al, 2008;

Zang, 2008). The reactions are listed as:

CH;+CO, 2CO +2H (2.4)

H,+CO CO+HO (2.5)
CH;+HO CO+3H (2.6)
CH: C+2H 2.7)
C+CQ 2CO (2.8)
C+HO CO+Hh (2.9)
CHs+2CQ  3CO +HO + Hp (2.10)
CH,+3CQ  4CO +2HO (2.11)

It is possible to determine the number of indepehdeactions that are required to
describe the system. Achievement of this is by iabtg the rank of the stoichiometric

coefficient matrix (Fogler, 1986). The stoichiometcoefficient matrix expressed by
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equation 2.12 where the coefficients of reactaregaken with a negative sign and those

of products are taken with a positive sign (equetid.4 — 2.11).

CHy CO, CO H HO C
1 -1 2 2 0 o
o -1 1 -1 1 o0
1 0 1 3 -1 0
1 0 0 2 0 1
(2.12)
o -1 2 0 0 -1
0 o 1 1 -1 -1
1 -2 3 1 1 0
1 -3 4 0 2 0

Reducing the matrix, equation 2.13 can be derivethfequation 2.12. The rank of the
matrix shown by equation 2.13 is three, and cooedmgly any three independent
equations can be selected to describe the reasystem sufficiently. Hence, equations

2.4,2.5, and 2.7 as 1 set of independent reactiouns be chosen.

CHy CO, CO H HO C

O OO0 ONORNDN

(2.13)

O OO0 O O O K B+
OO0 oo0oocotFE DN
O O O O © o Fr o
©O O o0 or O o o
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2.8.2 Kinetics

Generally, catalysts are used to speed up chemgeaitions. Therefore, an effective
catalyst should be able to adsorb the reactants,aanthe same time, facilitate the
formation of the products. The entire reaction psscshould have a zero net-effect on
the catalyst, leaving it unaltered and available forther reaction. The chemical

equilibrium of a chosen reaction, if it can be feadt, is determined entirely by the
thermodynamics of that reaction. Consequently, afawoured reaction, from the

thermodynamic perspective, will remain unfavourerespective of whether a catalyst
is present or not. The introduction of a catalgtibstance only affects the kinetics of the
system (Abild-Pedersen, 2005). The concepts disdusa the following concern

interacting reactants on heterogeneous catalyst) as metal surfaces, where the

catalyst and the reactants are in different phases.

The study of the kinetics of dry reforming beganhwiork conducted by Bodrost al,

in 1967 over a variety of Ni-based catalysts. Itswaund that the kinetics for GO
reforming of CH over a Ni film in a temperature range 800- 900°C, matched the
kinetic model they had constructed from a simitadg of steam (kD) reforming of CH
(Bodrov and Apelbaum, 1967). The model proposedBbgrov to describe the dry
reforming reaction is shown below, whereby * desoém active site on the catalyst
surface, depicts a slow irreversible reaction, and represents a quasi-equilibrated

reaction:

CHy+*  CHy* +H, (2.14)
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CO, + * CO + O (2.15)

O*+ H; HO + * (2.16)
CH +H,O0  CO*+2H, 2.17)
CO*+  CO+* (2.18)

This model uses the assumption that,@bles not react with Gut rather with the p0.
After the CH has dissociated to GHand H (equation 2.14), and after the Reverse
Water-Gas Shift Reaction has producegDHequations 2.15 and 2.16), the remaining
methane-derived CHspecies is reformed with,B to produce a net result of 2CO and
2H; (equations 2.17 and 2.18). Since the Reverse V&dsrShift Reaction is assumed to
be fast relative to the first step of methane atibn and decomposition, it is expected
that the kinetics be nearly the same for,@€forming as for KO reforming of methane
(Witmore, 2007). Current research on the initiadgmsal of the reaction mechanism by
Brodov has yielded interesting results with prop®gd both modified and alternative
reaction mechanisms, which are dependent on chatigfys, carrier or temperature. An
understanding of the elementary steps which maymay not be involved in the
mechanism is necessary in order for the kineticthefoverall catalytic dry reforming

reaction to be understood fully.

Studies by Rostrup-Nielsen (1972) on the equililmfiaCH, and CO decomposition on
different Ni catalysts (temperature rangés0- 750°C) showed that equilibrium
constants of CO dispropotionation and LHecomposition were influenced by Ni

catalysts. This resulted in higher equilibrium cemications of CO and CHrespectively
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than those predicted using graphite equilibria.sTdeviation from the thermodynamic
graphite calculation was accounted for by the presef a more disordered structure of
the carbon i.e. whiskers (or CNFs). Subsequenareken this area by Rostrup-Nielsen

(1994) details insights into the carbon depositearctions over Ni catalysts.

In steam methane reforming, were the primary carbeposition route is methane
decomposition; Rostrup-Nielsen (1994) describebarafformation to be related to one
of two conditions. One limit, which results in carbformation, is a kinetic allowance in
spite of overall thermodynamics. The conditionowllmethane to decompose into
carbon instead of reacting with steam even thobghntodynamics predict no carbon
formation after equilibrium of the reforming andfsheactions. The other limit in which

carbon may form is dictated by thermodynamics; @arlwill be formed if the

equilibrated gas shows affinity for carbon.

Rostrup-Nielsen and Hansen (1993) conducted rdseaffcCH, decomposition, CO
disproportionation, and dry reforming using Ni arable metals as catalysts. Equilibrium
constants for methane decomposition were discovered smaller for noble metals than
Ni, deviating more from the graphite equilibriumt BOC’C, the highest rate of carbon
formation through methane decomposition followeel ¢inder Ni >> Rh> Ir,Ru > Pt, Pd,
whilst at 650°C, the order was Ni > Pd, Rh > Ir > Pt > Ru. In tig reforming studies
that was conducted in the temperature rang&5di- 600°C, the activity followed the

order Ru, Rh > Ir > Ni, Pt, Pd.
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Wang and Au (1996) showed that the isotopic effe€t€Hs/CD, in CO, reforming of
CH, over Ni/SiQ catalyst indicated that dissociation of £ill the rate-determining step.
However, Slagteret al (1997) reported that the surface reaction betvi@epecies from
CH, cracking and oxygen-adsorbed species derived f&@y dissociation is the rate-
determining step. Hu and Ruckenstein (1997) alsncloded the surface reaction
between C and O species to be the rate-determistieyyg over Ni catalysts through
transient response analysis. Bradfrod and Vanri®8g) investigated and developed a
kinetic model based on GHlissociative adsorption to form Gkspecies and Cl®
decomposition as rate-determining steps. In addititsipouriari and Verykios (2001)
reported another kinetic model by using the assiompghat CH cracking and surface
reaction between C and oxycarbonate species aredetérmining steps over Ni/f@g

catalyst. The proposed mechanistic steps, whiahtie#he production of CO and,H

CH;+ S S-CH, equilibrium
C-CH; S-C+2hH

CO2 + LaOs3 LapO,COs5 equilibrium
La,0,CO; + C-S  LayO3+2CO + S

H, + 2S 2S-H equilibrium
La,0,CO; + H-S La,0; + CO + S-OH

S-OH + C-S S-CO + S-H (s)

S-OH + S-H H,0 +2S

S-CO >CO+S

CO; +S S-CG
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S-CO +H-S S-CO + OH-S slow

S-OH + H-S HO + 2S

Erdohelyiet al (1993) studied Clldissociation, C@dissociation and the dry reforming
reaction using Rh catalysts on various supporte. dibsociation of Clon Rh, at 423K,
produced H and small amounts of ;Hg; the intermediate species gHrapidly
decomposes further to surface carbon and hydroggensa as no Cklor CH, species
were identified. It was shown that the dissociattdrCO, was aided by the addition of
CHg; the hydrogen formed in the Glecomposition promotes the dissociation of,CO
In the dry reforming studies, no deactivation af h catalysts occurred; signifying that
the surface carbon formed reacted away efficicnéfipre stable amorphous or graphitic

carbon is formed.
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CHAPTER THREE

3.0 Experimental

The production of the CNTs and CNFs in this rede&dy Catalytic Chemical Vapour
Deposition (CCVD). Ultra High Purity (UHP) i.e. @3% purity grade gases as supplied

by AFROX (African Oxygen) Ltd were used.

3.1 Decomposition of Methane and Carbon Dioxide

Catalysts used as supplied by Sigma Aldrich witkeowt further pre-treatment before the
experimental runs. Approximately 10g of catalystléss otherwise stated) is placed on
qguartz wool which is located 28cm (from the bottamithin a vertically orientated tube
of Figure 3.1 An electric furnace heats the mullitee (inner diameter of 50mm; length
of 1050mm). Before the commencement of an expetiahean the reactor (Figure 3.1)
was purged with argon so as to free the line fragygen, detect leaks ard prevent the
formation of nitrites (Kuwaneet al, 2005). Experiments conducted at temperatures
ranging from650- 1000C for CO, and 650- 850°C for CH,; The CQ decomposition
temperatures were selected as suggested in s@ctionhe feed flowrate used was 487
ml/min. Efluent gas sampled using a sample collection dginfor gas chromatography
(GC) analysis. The detailed CCVD apparatus is shimwigure 3.1, utilized for growth

of the CNTs and CNFs.
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Figure 3.1: Diagrammatic representation (not tdeyaaf the CCVD used for production

3.2 Reforming of Methane with Carbon Dioxide

For the dry reforming of CK the catalyst was loaded onto a quartz fritt (piyoof 40-
90 micron) positioned in the centre of a quartzt@bner diameter of 50mm and length
of 1000mm).The feed gases of G@nd CH were supplied at an equal flowrate (unless
otherwise stated).Experiments were conducted at temperatures rangdnogn
650- 95C°C, this is based on the acceptable temperature naseg for CQ reforming
of CH, (discussed in section 2.8). For the kinetic experits at750°C, the CH

flowrate was kept constant at 308 ml/min and the @&@vrate was varied from 154 to
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927 ml /min. Then experiments are conducted werex® flowrate was kept constant at
308 ml/min and the CHflowrate changed from 154 to 927 ml/min. Similaperiments
were done aBOO’C and 850°C. The duration of each experimental run is 60 r@&su

The growth conditions used for the experimentatrare presented in Table 3.1.

Table 3.1: The conditions at which experimentspardormed for the CCVD method

Temperature (°C) Catalyst CO, (ml/min) CH4 (ml/min)
650 LaNg alloy 487
750 LaNg alloy 487
850 LaN alloy 487
650 LaN alloy 487
700 LaN alloy 487
750 LaNg alloy 487
850 LaNgalloy 487
800 Mischmetal Nickel alloy 487
750 1% Pt. on Alumina (2.59) 487
750 Ni (2.59) & LaQ (2.50) 487
750 LaNi alloy 154, 308, 616, 927 308
308 154, 308, 616, 927
800 LaNi alloy 154, 308, 616, 927 308
308 154, 308, 616, 927
850 LaNg alloy 154, 308, 616, 927 308
308 154, 308, 616, 927
950 LaN alloy 487 487
750 Mischmetal Nickel alloy 487 487
850 Mischmetal Nickel alloy 487 487
950 Mischmetal Nickel alloy 487 487
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3.3 Equipment used for Analysis

Characterization of the carbon products is by ugirmnsmission Electron Microscopy
(TEM) and Raman Spectroscopy (J-Y T64000) techrsqiige to the nanometer scale
dimensions involved. TEM (Joel JEM 100S) and highgnification TEM (Philips

CM200) was utilized. Gas chromatography (AgilenttAmology 6820) was used for

analysis of the exit gas samples.

3.3.1 Use of Transmission Electron Microscopy

In order to observe the products, 5ml of methare added to the samples and placed in
a sonic bath for 10 minutes. A few drops of thaultasg suspension were deposited onto
a lacey carbon film on a copper grid. The methaved evaporated (air-dried) before the

copper grid was loaded into the sample chambdreoTEM for observation.

3.3.2 Use of Raman Spectroscopy

Raman spectroscopy is of crucial importance fotebeiderstanding of the structure and
the type of CNTs as well as providing crucial imh@tion about the quality of CNTSs,
whether as-grown CNTs have defects or are well iIgiapd. This tool also gives
information about the type of CNTs whether they éenarmchair, zigzag, or chiral
structures. It is a quick and non-destructive foolCNT characterization since SWCNTs
and MWCNTSs give characteristic peaks. The Ramawctspef CNTs are unique and

distinct due to their one dimensional (1D) natuaifi, 2007). It is used in the study of
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vibration, rotational and other low-frequency modesa system. Incoming photons from
a laser scatter in-elastically with phonons or p#witations in the system. The energy
of the scattered photons can be shifted up or ddwis. shift in energy gives information
about the phonon modes in the system. This inielasattering of the light is termed

Raman scattering (Raa al, 1997; Dresselhawet al, 2005).

The characteristic features of CNTs in the Ramaift $Rigure 3.2) are: (a) a low
frequency peak < 200¢mwhose frequency depends on the diameter of the RBM:
radial breathing mode); (b) a large structure (1840) assigned to residual ill-organized
graphite, namely the ‘D-Band’ (D meaning disord@dfpultzschet al, 2002) whereas in
perfectly ordered graphite there is no ‘D band);gdigh-frequency bunch, the ‘G-Band’
between 1500 and 1600 ¢nG meaning graphite); (d) a second order obsemede
between 2450 and 2650 ¢massigned to the first overtone of the D mode afteino
called G’ mode; (e) a combination mode of the D énchodes between 2775 and 2950

cm?® (Belin and Epron, 2005).
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Figure 3.2: Raman spectrum showing the most chenatit features of CNTs: radial

breathing mode (RBM), the D band, G band and Gtl&elin and Epron, 2005)

The distinction between SWCNTs and MWCNTSs is pdesitue to the ratio of the
integrated D- and G-band being inversely proposidao the crystallite size of graphite.
The ratio of the D- and G- band is also used asdicator of the amount of disorder
within CNTs. An b/Ig ratio in the range 0.1 — 0.2 indicates the ddfaatl in the atomic
carbon structure is low, signifying reasonable @fjige quality (Eklundet al, 1995;

Dresselhaust al, 2002).

The samples did not need any pre-treatment to §eated using Raman Spectroscopy.
The carbon products were analyzed at nominally reemperature and the power at the
sample was kept low (~1.2 MW) to minimize local teg The argon laser line was at

an excitation wavelength of 514.5 nm.
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3.3.3 Use of Gas Chromatography

A gas chromatograph is a chemical analysis instnirttext separates gas mixtures into
individual components. It usually consists of aldlewcolumn system with two detectors,
namely the thermal conductivity detector (TCD) diaime ionization detector (FID)
which is used for detecting inorganic and orgamimpounds, respectively. A carrier gas
transports the gas mixture of unknown components @mposition through a tube,
called a column. This column restricts differeninpmnents at different temperatures and
allows certain components to continue to the detedepending on the temperature of
the column. The components are identified electiaty by the detector at different

times (retention time), by generating a chromatogra

Samples of the exit gas collected during experialenins are injected into the gas
chromatograph to determine if the input gases dehlo down. If decomposition of the
input gasses did occur the gas chromatograph psvitformation about the extent of
the decomposition. The TCD, equipped with carbok@®o (2.0 m x 1/8 inch, stainless
steel) packaging was used to analyze the gassese $e detector works on the gas
stream’s Thermal Conductivity Differences, argorswaed as the carrier gas. Argon has
a low thermal conductivity and is inert in natuwehich eliminates contamination of the
sample. The flow of argon is kept constant at 1i0 Hs preloaded ‘method’ used is an
initial temperature hold aB5°C for 5 minutes. This is followed by a ramp up te th
maximum temperature df5°C at a rate of20°C per minute. The oven is kept at this
temperature for three additional minutes with tbenplete cycle duration lasting 13.75

minutes.
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CHAPTER FOUR

4.0 Results and Discussion

4.1 TEM images of CNFs produced using CH

TEM experiments conducted to confirm the growtlCdiTs or CNFs. The TEM images
provided information on the structural (diameterd alength) and morphological
characteristics of the carbon products. Figuresthdws a characteristic TEM image of a
straight CNT produced &50°C using lanthanum nickel alloy (Lafjias catalyst. Figure

4.2 shows TEM micrographs of CNTs and CNFs prodaté&b(C with LaNis catalyst.

Figure 4.1: CNT produced &50°C using LaNs
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400 nm

Figure 4.2: a) CNTs, b) a CNF and c¢) CNT produde@s8°C using LaNi
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Figure 4.3 is a HMTEM image of a CNT produced&®(’C using LaNé. The outer

diameter of this CNT i$0 nm. Figure 4.4 clearly shows the hollow core of aotahe
produced at750°C using LaNs. This CNT is ~35 /m in length and most of it is

uncontaminated by the catalyst.

==

Figure 4.3: HMTEM image of CNT produced @0°C using LaNs
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Figure 4.4: CNTs produced @b0°C using LaNs

The two CNTs depicted in Figure 4.5 show multipl#hsgtructure of the nanotubes, with

(a) having an inner diameter &6 nm and an outer diameter @6.6 nm; (b) 10nm
inner diameter and outer diameter 282 nm. The concentric arrangement of the

graphene sheets parallel to the tube axis, whickypgcal for a multi-walled tube
structure, is confirmed in Figure 4.5. The CNTs whoin Figures 4.5 — 4.7 were

produced aZ50°C using LaNs.
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(a) (b)

Figure 4.5: HMTEM image of the CNTs produced7&0°C using LaNi

200 nm

Figure 4.6: CNTs produced @&b0°C using LaNs
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HMTEM of the carbon nanostructures as shown in fleéguw.7 and 4.8 which indicate
that multi-wall carbon nanotubes are produced miperatures of/50°C and 850°C,

respectively. The CNT shown in Figure 4.7 has aterodiameter 0f26.3nm and the

CNT in Figure 4.8 has an outer diameter7&2 nm.

Figure 4.7: HMTEM image of a CNT produced780°C using LaN
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Figure 4.8: HMTEM image of a CNT produced880°C using LaNs

The synthesized CNTs ranged in length from sevaralireds of nanometres to several
microns across all the samples. Methane productsiefened CNTs with a low content
of amorphous carbon adhering to the external watlsll temperatures, which is in
agreement with the documented literature @tlal, 2006; Gacet al, 2008; Chaet al,
2007). The most effective catalysts in the decontiposof methane to CNTs are Fe and
Ni based (Heet al, 2006; Zhacet al, 2007; Liet al, 2008). Due to this reason methane
is easily decomposed by the nickel alloy (LgNiatalyst at temperatures ranging from

650°C to 85C°C (Inoueet al, 2008). Analysis by gas chromatography showetthwe
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is decomposition of CiHat 750°C to 13.65% H and 28.02% other hydrocarbons that

were not calibrated for (remainder 58.33%.CH

4.1.1 Raman Spectroscopy Analysis (using GHbnly)

Raman spectra for the samples produced using nmeethad LaNj are displayed in
Figures 4.9 — 4.11. From Figures 4.9 — 4.11 it loarseen that the peaks correspond to
those that signify the presence of CNTs. The fiesik is between 1300 and 1400 tm
(D-band), the second is just before 1600 cf@-band) and the last around 2700"tm

(G’-band), which indicates the presence of CNTs.
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Figure 4.9: Raman spectrum of carbon producedyuSiy at 650°C , with the D-band

at 1360 crit and G-band at 1600 ¢m
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Figure 4.10: Raman spectrum of carbon producathusSH, at 750°C, with the D-band

at 1352 crit, G-band at 1585 cm and G’-band at 2701 ¢

The Raman spectra show that CNTs with essentiattjlas properties are produced at
the temperatures 50°C, 750°C and 85C0°C using methane. This confirms the TEM
images shown in Section 4.1. Most of the CNTs peceduusing LaNj catalyst are not

agglomerated and entangled with each other. SuchsGiMe ideal for integration into

devices i.e. CNT — based field effect transist&isT) etc.
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Figure 4.11: Raman spectrum of carbon producetguSH, at 85¢°C, with the D-band

at 1354 crit, G-band at 1591 ¢t and G’-band at 2714 ¢

Durrer et al (2008) showed that SWCNTs might be grown for usdevices such as
CNT sensors. The CNTs grown using Hay have potential applications in electronics,
thus ways to improve their crystalline quality amdntrol their chirality need

investigation.

4.2 TEM images of CNTs and CNFs produced using CO

Figure 4.12 shows that CNTs, helical and straigheré with various diameters were

synthesized a650°C using LaNi as a catalyst. Some of the CNTs and CNFs grow from

the large catalyst particle also shown in the TEMge.
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Figure 4.12: CNFs and CNTs produceds®C using lanthanum nickel alloy

CNFs and CNTs in Figure 4.13 are produced@@C using LaNs and appear to overlap
each other. The longest of the fibres in the TEMagm is~ 23 nm. Metal catalyst

particles are visible in the image including carlstructures such as amorphous carbon

and graphitic particles.

Figure 4.13: CNTs and CNFs produced’@¥C using lanthanum nickel alloy
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b)
Figure 4.14: a) CNFs and b) possible CNT produded0&C using lanthanum nickel

catalyst

At 750°C CNFs are produced using the LaNatalyst, as shown in Figures 4.15. Figure

4.15 (a) and (b) shows the catalyst particles ¢htdlyses nanofiber growth are attached
on the ends of the nanofibers. The diameter ofvérécal nanofiber in Figure 4.15 (a)

iS ~725 nm.
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b)

c)
Figure 4.15: a) CNFs, b) CNFs (attached to catghgsticles) and c) a twisty CNF

produced at75¢°C using lanthanum nickel alloy
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In Figure 4.16 the CNF has a diameter~02175 nm and does not appear to have any

catalyst particles embedded inside its structure.

Figure 4.16: CNF produced 86C°C using lanthanum nickel alloy

The CNFs in Figure 4.17 are produced80°C using LaNs. It is widely believed that

there is a correlation between catalyst particke sind CNF diameter (Cheuseg al,
2002). Figure 4.17 (a) displays the catalyst plartat the tip of the nanofiber indicating

that the as-grown CNF has the same diameter asthkyst particle.
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b)

c)
Figure 4.17: a) CNF on the nickel catalyst, b) CN&JsCNF produced a85¢°C using

lanthanum nickel catalyst
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Figure 4.18 displays CNFs produced8X>*C using a mischmetal nickel alloy as the

catalyst. In Figure 4.18 (a) the nanofibers aratialy free of any catalyst particles in

their structure, with the longest nanofibeB.6 7”m long.

b)
Figure 4.18: a) CNFs and b) hollow CNF produce@@#C using mischmetal nickel

catalyst

CNFs produced af50°C using platinum and alumina powder catalyst is ghow

Figure 4.19. Figure 4.19 (a) shows a CNRA44 nm in length that does not have any
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catalyst particles inside it or at its ends. Figaee (b) shows that CNTs may also be

formed at these conditions.

b)
Figure 4.19: a) CNF and b) CNFs and CNTs produtetb&C using 1% Pt on alumina

powder

From Figure 4.12 to Figure 4.19 it is easily semat CNFs are produced using £&

temperatures ranging fro®50°C to 850°C. At 650°C and 700°C there are CNTs

being produced (Figures 4.12 — 4.14). This meaaisatrelatively low temperatures it is

possible to produce CNTs using only £@he CNFs become more distinct and longer as
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the temperature increases (greater degree of gisgilun) as can be seen &0C
and 85C°C (Figures 4.16 — 4.18). The TEM micrographs indicélhat the CNFs

produced by C@have an array of varying lengths and diameterssoime of the TEM

images, the catalyst particles on which the CNT& @NFs were grown were observed,
showing the catalytic nature of this process. Téwction temperature played a crucial
role in the synthesis process of CNTs and CNFsg¢hvis in agreement with literature

(Xu and Huang, 2007).

The breakdown of COmay be attributed to the type of catalysts usée. DaNg catalyst
contains lanthanum, a rare earth metal with thegnty of being able to decompose £O
into CO, C and @ Gas Chromatography analysis showed that 80decomposed
during the experiment &50°C using LaNi to the extent of 5.33% £and 2.02 % CO
(remainder 92.65% C{) Mischmetal, an inter-metallic alloy composedrafe earth
metals which is produced by fused chloride elegsisl of the light lanthanide elements
i.e. from lanthanum to lutetium together with scandand yttrium (Lannoet al, 2003)
allows it to also decompose GOCO, is more chemically stable than gaseous
hydrocarbons at high temperature, so it is diffidol be activated or decomposed to
CNTs and CNFs (Lowet al, 2003). The LaNi and mischmetal nickel catalyst have
shown that although decomposition of 8©difficult it is still possible at the relatively

low temperatures 0650°C, 750°C and850°C.
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4.2.1 Raman Spectroscopy Analysis (using GOnly)

The Raman spectra for the samples are displayEdjures 4.20 — 4.26. Figures 4.20 and

4.21 are of samples produced using Lsedi650°C and700°C , respectively.
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Figure 4.20: Raman spectrum of carbon producedguSi; at 650°C, with the D-

band at 1352 cih G-band at 1593 chand G’-band at 2710 ¢
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Figure 4.21: Raman spectrum of carbon producedguSi; at 700°C, with the D-

band at 1360 cih G-band at 1603 cihand G’-band at 2698 ¢

Studies have shown CNTs produced using lanthanekelalloy as catalyst are good
hydrogen storage materials (¥t al, 2006; Zhanget al, 2004). The CNTs shown in
Section 4.2 produced using ¢@nd LaN§ may also have such properties, and

accordingly exploration into this aspect may vyigiahilar results.
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Figures 4.22 and 4.23 shows samples produced usaNjs at 75F¢C and85C°C ,

respectively.
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Figure 4.22: Raman spectrum of carbon produceyu GGy at 750°C, with the D-band

at 1356 crit, G-band at 1591 cfand G’-band at 2701 ¢
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Figure 4.23: Raman spectrum of carbon producetyusy at 850°C, with the D-band

at 1350 crit, G-band at 1591 chand G’-band at 2685 ¢

The peaks around 1600¢mG-band (Figures 4.20 — 4.23) corresponds togmBde of
graphite and is related to the vibration of sp bonded carbon atoms in a two-
dimensional hexagonal lattice, such as in a graeplayer (Tuinstra and Koenig, 1970).
Nanotubes with concentric multi-walled layers ofk&gonal carbon lattice display the
same vibration (Kasuy&t al, 1997). The D-band, in the region of 1350 %nis
associated with the presence of defects in thedomed graphitic layers (Loet al,
2003). This means that the LaNatalyst is capable of producing CNFs and MWCNTs

(with some defects in their structure) usingCO
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Figure 4.24 is of a sample produced using miscHmatkel alloy at800°C . The
intensity of the D-band was bigger than the G-biawtehsity, which indicated that there

were defects in the structure of the CNTSs.
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Figure 4.24: Raman spectrum of carbon produceyust at 800°C

Figures 4.25 shows a sample produced using a satalyl% Pt on Alumina powder

at 75¢°C. From Figure 4.19 it is seen that CNTs may havenb®rmed at these

conditions but this reaction is catalyzed by a eabletal, platinum. Consequently, the
high cost involved in using such a catalyst mayate@ny economic advantage gained

by using a greenhouse gas (O

63



16000

14000 -

12000 -

10000 -

Intensity (a.u.)

8000 -

6000 -

4000 T T T T T
800 1200 1600 2000 2400 2800 3200

Raman Shift (cm-1)

Figure 4.25: Raman spectrum of carbon producetyust at 750°C

The Raman spectra show that CNTs and CNFs are @eddduring the experiments
using CQ only. However, the CNTs were few and far betwegnhay were not easily

characterised as such using the TEM.
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Figure 4.26 shows the Raman spectra of the catadytitles tested after the reaction.
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Figure 4.26: Raman spectra of catalyst particlésr dhe reaction using GGa) LaNg

at 650°C, b) LaNk at 700°C and c) mischmetal nickel alloy 800°C

The high intensity D-band peaks (1350 — 1400'cin Figure 4.26 indicates that there is
an amount of disordered carbon (CNFs or CNTs) deggbon the metallic catalyst

particles.
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4.3 TEM images obtained when dry reforming of CH has taken place

Figures 4.27 and 4.28 show that CNTs have beenefrwhen dry reforming of CH

takes place at50°C and the catalysts used are Laldnd mischmetal nickel alloy,

respectively. The CNTs produced using the mischimetkel alloy has a better wall

structure than the ones formed with the lanthaniakehalloy.

b)
Figure 4.27: a) CNTs and b) disordered CNTs prodwate’50C°C during dry reforming

using LaNs
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b)

c)
Figure 4.28: a) Network of CNTs, b) CNTs and c) Cpidduced at75C°C during dry

reforming using mischmetal nickel alloy
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Figure 4.29 show CNTs produced 8 CC using the mischmetal nickel alloy catalyst.

Some of the catalyst particles lose their circdhape before the completion of CNT

growth (Figure 4.29 (b)).

b)
Figure 4.29: a) CNT produced 860°C during dry reforming using mischmetal nickel

alloy and b) CNT not fully formed
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Figure 4.30 shows filamentous carbon and amorpbkatson produced &850°C using

the mischmetal nickel alloy catalyst.

Figure 4.30: HMTEM image of the catalyst particldaik spot) and the carbon

nanostructures (grgy
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At 950°C , using the mischmetal nickel alloy catalystyvéew CNTs are formed as

displayed in Figure 4.31.

Figure 4.31: HMTEM image showing few CNTSs are progtliat950°C

During the reforming of CiHwith CG; it is shown that CNTs and CNFs are produced

at 750°C but these carbon species become less definB8GAC (Figure 4.30) and they
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are almost non-existent 860°C (Figure 4.31). From the TEM images it seems$ tha

hydrogen does play a role in the selection of #man species that is produced. When
using CQ alone to produce CNFs it is possible to producel€Idt relatively lower
temperatures but they are not as clearly defindti@se that are produced with CH\t
higher temperatures it is only possible to prodG&¢Ts when hydrogen is involved in
any form. This proposal agrees with the conclusanasvn by Mendozat al (2006) that
hydrogen may inhibit the production of other kirdsarbonaceous material and enhance
the growth of crystalline nanotubes. The differenae appearances of the CNTs and
CNFs (produced using G@nly, CH, only and CH/CO, reforming) can be attributed to

the size, crystal imperfections and structurefhiefvarious catalyst particles.

To analyze which elements are contained on the pirtk(indicated by arrow) in Figure

4.31, energy dispersive X-ray spectroscopy (EDS$ wsed. EDS is a technique for
elemental analysis, where the radiated X-ray beanttexl from a specific material is

collected after the incident electron beam is fedusn it. Since each element of the
periodic table has a unique atomic structure, thaacteristic X-rays from each element
are uniquely distinguished from others. Generdhg, incident beam excites an electron
in the inner shell of an element leaving a holéhim shell, which is followed by the hole

filling with an electron from outer shell. The difence in energy between the electronic
orbitals is released in the form of an X-ray photbhe X-rays emitted by the sample are
then detected and analyzed by the energy dispespwetrometer (Heo, 2008). Figure

4.32 shows the EDS spectra that is obtained.
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Figure 4.32: Composition of catalyst particle affey reforming of CH

Figure 4.32 reveals that some carbon is depositeith@® surface of the catalyst particles
but it is a very small amount. This means thatigl temperatures the lanthanum nickel
alloy and to a greater extent the mischmetal niekely do not coke as readily as some
catalysts conventionally used. Thus, these catalgsuld prove effective to achieve
stable operation for COreforming of CH. The Cu peaks arise from the Cu grid used,
and also shown are the key constituents of thehmistal nickel alloy i.e. Ce, La and Nd.
The stability of the LaNi correlates with other studies done on lanthanuntatoing

catalysts used in dry reforming (Blozhal, 1994; Martinezt al., 2004).
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4.3.1 Raman Spectroscopy Analysis (using G{CH, reforming)

The Raman spectra for the samples produced usiNg lzd 750°C and 85¢°C during

the dry reforming of Cklare shown in Figures 4.33 and 4.34, respectively.
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Figure 4.33: Raman spectrum of CNTs produced>fC during CQ reforming of

CH,, with the D-band at 1358 ¢mG-band at 1593 ¢ and G’-band at 2710 ¢
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Figure 4.34: Raman spectrum of CNTs produce@58C during CQ reforming of

CH,, with the D-band at 1360 ¢hand G-band at 1601 ém
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Figures 4.35 and 4.36 show the Raman spectra cfatingles produced using mischmetal

nickel alloy catalyst a750°C and 850°C, respectively.
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Figure 4.35: Raman spectrum of CNTs produced>fC during CQ reforming of

CH,, with the D-band at 1358 émG-band at 1599 ¢ and G’-band at 2710 ¢
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Figure 4.36: Raman spectrum of CNTs produce@85&C during CQ reforming of

CH,, with the D-band at 1352 ¢mG-band at 1589 cth and G’-band at 2705 ¢

These spectra (Figures 4.33 — 4.36) indicate thdymtion of CNTs. Figure 4.37 is from
a sample which did not display any CNTs being fatroa the TEM images. This is re-
affirmed by the Raman Shift peaks not following Hane pattern as the ones in Figure
4.33 or 4.35. This sample was produce®af’C using LaNi as the catalyst. Table 4.1
is a summary of results from Figures 4.1 — 4.37%shg the gas or gasses, temperature,

catalyst used and carbon produced.
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Figure 4.37: Raman spectrum of sample when CNTie wet formed during dry

reforming

It is seen from Table 4.1 that the nickel catalydtéaNis and mischmetal nickel alloy

can be used to produce MWCNTSs and CNFs. Tableldolshows the results for the GC
analysis done whereby, the unknown gasses are thaseare not calibrated for. The
CNTs produced using LaNand CH had little amorphous carbon with the multiple-wall
structure of the CNTs easily seen in the HMTEM ie®gAn increase in temperature

from 650°C to 850°C leads to the CNTs and CNFs produced using @@ LaNs

becoming more defined. A suitable catalyst fordhereforming of methane with carbon
dioxide is the mischmetal nickel alloy at a tempaema of 950C°C as less carbon

nanotubes are produced and there is a higher gageeaf synthesis gas in the outflow.
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Table 4.1: Summary of carbon produced using, @Hdly, CQ only and CH/CO,

reforming at different temperatures

Gas

Temperature £C)

Catalyst

Carbon Produced

Output Gas

CH,

CH,

CG;

CG;

CH,/CGO,

CH,/CO;,

CH,/CGO,

CH,/CG,

750

850

650

750

750

850

750

950

LaNg alloy

LaNg alloy

LaNg alloy

LaNg alloy

LaNj alloy

LaNs alloy

Mischmetal Nickel alloy

Mischmetal Nickel alloy

MWCNTs

MWCNTs

MWCNTSs, CNFs

MWCNTSs, CNFs

MWCNTs

MWCNTs

MWCNTs

Few MWCNTSs

13.65% H

28.02% unknown

58.33% CH
17.52% H

15.02% unknown

67.46% CH
5.33% 0
2.02% CO
92.65% CQ
0.06% O
12.03% CO
87.91% CQ
10.27% K
11.3% CO
35.59% CH
42.84% CQ
11.66% K
5.83% CO
34.51% CH
48% CQ
14.18%H
9.67% CO
8.97% CH
67.18% CQ
49.51% H
25.21% CO
8.61% CH
16.67% CQ
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4.4 Kinetics

The limitation of external mass transfer is tedtaugh variation of feed flow rate i.e.
when the reforming rate does not change with thengé of flow rate, limitation of
external mass transfer is negligible (Tsipouriad & erykios, 2001; Zang, 2008; Nandini
et al, 2006). In order to check the limitation of imal mass transfer, variation of
catalyst particle size is done (Tsipouriari and ykers, 2001; Nandinet al, 2006). A
study undertaken by Forni (1999) showed internadseansfer is dependent on particle
radius but kinetics is independent of radius. Adaayly, rate limitations by external or
internal mass transfer, under differential condisiavere proven negligible by applying
suitable criteria. The disappearance rate of reactecalculated using equation 4.1 while
the formation rate of product is calculated witluaiipn 4.2. The reforming rate of GO

reforming of CH is given in terms of Cldconsumption rate.

o _ ‘f
-r,mol/g-s =|;‘]—,éo (4.1)
cat
F.f
r,mol/g- s=—-= 5 (4.2)
cat
Where:

m..., IS the mass of catalyst (g)
F.°, is the molar outlet flowrate

F ', is the molar inlet flowrate
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As discussed in the experimental design of Se@jaxperiments were performed in the
temperature rang@50- 850°C with an inlet feed of C®and CH at the flowrates listed
in Table 3.1. Figures 4.38 and 4.39 show the efééotarying CQ:CH, ratios on the
formation rate of CO af50°C, 800°C and 850°C. From Figure 4.38 it can be seen that
the formation rate of CO increased as the, @@s increased. The formation rate of CO
did not change considerably with an increase in, @Bl noted in Figure 4.39. The
influence of the Reverse Water-Gas Shift ReactRWGS) can be attributed as the

difference between observations in Figures 4.384a8@.

RWGS:CQ+H, CO+HO (2.5)

By using constant Chlthe reaction rate of GQeforming of CH was constrained due to
restricted availability of Cll Nonetheless, the formation of CO still enhancebbta
through the RWGS reaction between Bnd excess COwhen CQ was increased
continuously as shown in Figure 4.38. At consta@,Ghe formation rate of CO only

increased slightly with the increase in £iHigure 4.39).
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Figure 4.38: Effect of different GGCH, ratios on formation rate of CO over the nickel

alloy catalyst a750°C, 800°C and850°C (CO, changing, Chl constant)
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Figure 4.39: Effect of different GGCH, ratios on formation rate of CO over the nickel

alloy catalyst a750°C, 800°C and850°C (CH,4 changing, C@constant)

The effect of different CCH, ratios on the formation rate ofldt 750°C, 800°C and
85(°C are shown in Figures 4.40 and 4.41. At constant igure 4.40), it is clear that
H, formation rate increased at low €OH,. The increase in Hformation is due to
increase in reaction rate of @Q@eforming of CH when more C@ was available.
Thereafter, the formation rate of, Mas reasonably stable. The RWGS reaction could
also be increasing with the availability of exc€s3,. Equivalence of the increase of £0
reforming of CH to the increase of the RWGS reaction results mstamt formation of
H,. However, as shown in Figure 4.38 the formatida cd CO will continue to increase.

A drop in the formation rate of Hs seen at high CACH,. Since the increase of the H
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formation rate from C@reforming of CH reaction was less than the rate of consumption

from the RWGS reaction when Ghkas limited but C@was in excess.
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Figure 4.40: Effect of different GGCH, ratios on formation rate of Abver the nickel

alloy catalyst at750°C , 800°C and850°C (CO, changing, CH constant)

Figure 4.41 shows that at constantCthe rate of formation of Hslightly increased in
the beginning and was steady with an increase ig@®}. This indicated that both the
CO, reforming of CH reaction and RWGS reaction were restricted wheaitdd CQ

was available.
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Figure 4.41: Effect of different GQCH, ratios on formation rate of fbver the nickel

alloy catalyst a750°C, 800°C and850°C (CH. changing, C@constant)

The effect of temperature on the reaction rate ©f @forming of CH over nickel alloy
catalyst is investigated in the temperature rarfgg083 — 1123K. In order to calculate
the activation energy, Ea and rate constant, k fitwrslope and intercept, respectively an
Arrhenius plot of reaction rate versus 1/T (K) isnd, shown by Figure 4.42.

Consequently, an expression for the forward rateagtion is given by equation 4.3.

i = KPcha "Pco2’ (4.3)

Where:

K= koexp(-Ea/RT)
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Keeping CH:CO;, ratio constant then,

A=KoPcrs"Pcoz’

The natural logarithm (equation 4.5) is taken & siimplified expression for the rate of

reaction (equation 4.4) generating a convenient fipton which the apparent activation

energies for Cl] CO, consumption, B and CO formation can be estimated.

ri = A exp(-Ea/RT) (4.4)
Inr, = InA - (Ea/RT) (4.5)
UT (K)
0.0011 0.00115 0.0012 0.00125 0.0013 0.00135
4 ‘ ‘
45 .

X CH4
* CO2
o H2
ACO

55 4

In (Reaction rate (mol/g-s))
&
X/ L

-6.5 1

-7 -

Figure 4.42: Natural logarithm of reaction ratesees 1/T (K), where CEOCH,:1
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The apparent activation energy for £lnd CQ consumption, and Hand CO
production were 41.7, 47.5, 54.5 and 47.5 kJ/ mslpectively. Comparison of apparent
activation energies of lanthanum nickel catalyshweported Ni-based catalysts shows
that there is difference in apparent activationrgnepossibly due to the difference of
catalyst systems applied in the relevant studieen@i et al, 2006; Lemonidou and
Vasalos, 2002; Zhang, 2009; Bradford and Vanni@99). Tsipouriari and Verykios
(2002) reported that the catalyst supports of Ny méuence significantly the activation
energy by altering the rate-controlling step in teaction sequence. The proximity of
apparent activation energy values for ££HGO,, and CO suggests that the rate-controlling
step for CO formation is the same as that fop @rd CQ consumption (Lemonidou and
Vasalos, 2002; Zang, 2008). Bradford and Vanni@9) discussed that the activation
energies of C@reforming of CH are typically between 33 and 100 kJ/mol while high
values up to 160 kJ/mol are obtained for some ystwal The apparent energy ob H
formation being higher than that for CO formatienascribed to be the result of the

RWGS influence on the reaction mechanism (Bradfb@d6).
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CHAPTER FIVE

5.0 Conclusion and Recommendations

5.1 Conclusion

The greenhouses gases, methane and carbon diorigeused in this study to make
carbon nanofibers and synthesis gas through acaskr@VD reactor method. It was
shown that carbon nanofibers and carbon nanotulgepraduced using GHCO, and
dry reforming. The decomposition of GOwas done at realistic temperatures
(650- 85C°C). The catalytic reforming of methane with €@ synthesis gas at
moderately high temperatures is a promising teagyoin utilization of CQ. This well-

known process has long had a problem of catalysttol@tion due to coking.

However, the lanthanum nickel alloy and to a greaktent, the mischmetal nickel alloy
are promising catalysts in the dry reforming of &6 they do not require any pre-
treatment or preparation to withstand coking at tbaction temperatures used. The
production of CNTs using methane (as the hydrocarbource) is recognized as a
feasible synthesis method and is quite often implaed. This synthesis technique shows
that CQ can be used as a carbon source to produce CNTdiraythe inflammability
and toxicity from CO during operation, and is halpfor environmental protection.
However, it may prove to be costly to operate atiradustrial scale in order to get

satisfactory conversion of GO
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5.2 Recommendations

A study on the reaction mechanism during ;C@forming of CH and formation
mechanism of CNTs using Laj\will be helpful to design a catalyst system forssia
production of CNTs with low cost and high quality synthesis gas. The issue of
determining whether it is tip or base growth medasrarfor the CNFs needs investigation.
The work regarding COproduction of CNFs and CNTs is interesting andunes

further exploration.
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